A real-time PCR was designed for detection of Chlamydophila pneumoniae and Mycoplasma pneumoniae such that each pathogen could be detected in a single tube and differentiated using molecular beacons marked with different fluorochromes. This duplex PCR, targeting the P1 adhesion gene for M. pneumoniae and the ompA gene for C. pneumoniae, was compared with two conventional PCR assays targeting the 16S rRNA gene and the ompA gene. A total of 120 clinical throat and nasopharyngeal swab samples were tested. DNA extraction was performed using an alkali denaturation/neutralization method, and real-time amplification, detection, and data analysis were performed using a Rotor-Gene 2000 real-time rotary analyzer (Corbett Life Science, Sydney, Australia). Using conventional PCR as a reference in an analysis of 120 samples, 13 of 14 samples positive for C. pneumoniae were detected by the novel real-time PCR. In an analysis of M. pneumoniae, 22 samples were positive in the conventional PCR and the novel assay detected 24 positive samples. When using the conventional PCR as a reference, sensitivity and specificity were 93% and 100%, respectively, for C. pneumoniae and 100% and 98%, respectively, for M. pneumoniae. With an overall agreement of 98.8%, this suggests that performance of the new duplex real-time PCR is comparable to that of conventional PCR.
Chlamydophila pneumoniae and Mycoplasma pneumoniae are important and common causes of community-acquired pneumonia, where these pathogens are the etiological agent in 9 to 15% and 7 to 22% of cases, respectively (1, 14, 17, 19, 24, 29, 31) . The highest incidence of C. pneumoniae and M. pneumoniae infections is among schoolchildren 5 to 14 years old (9, 16, 17, 23) . Symptoms can be mild with nonproductive persistent cough, malaise, and fever, but more-severe illness occurs when the lower respiratory tracts are affected, giving rise to acute bronchitis and pneumonia (3, 10, 14) . Cardiovascular disease and neurological diseases are serious nonrespiratory symptoms associated with C. pneumoniae and M. pneumoniae infections (4, 5, 11, 13, 28) .
The agents causing respiratory infections are difficult to distinguish clinically, since many bacterial and viral infections often share clinical features, including symptoms (9, 22, 27) . It is therefore important to find a sensitive and effective way of detecting these agents so that correct treatment will be offered and unnecessary use of antibiotic therapies avoided. C. pneumoniae and M. pneumoniae can show similar clinical features and share the characteristic of being difficult to diagnose using conventional methods, such as culture and serology. PCR has proven to be a fast and more-sensitive method and is therefore more widely used in clinical laboratories (6, 36) . Recently several real-time PCR methods have been developed; these offer an even more advantageous way of detecting these pathogens (2, 15, 20, 25, 26, 30, 32, 35, 38) . Real-time PCR has an advantage over conventional PCR because detection is performed in a closed system in real time, which minimizes the risk of contamination, and it is faster and requires less hands-on time.
In the present article, we describe a new duplex real-time PCR that can detect and distinguish both C. pneumoniae and M. pneumoniae in a single reaction tube. Detection is accomplished using two differently colored molecular-beacon probes that afford sensitive and specific detection.
MATERIALS AND METHODS
Bacterial strains and DNA. Bacterial strains used for controls and tests of the specificities of the real-time PCR methods are listed in Table 1 . Quantified C. pneumoniae and M. pneumoniae DNA samples were obtained from Advanced Biotechnologies, Inc. (Columbia, MD).
Clinical samples. A selection of 120 clinical samples was investigated. The samples had previously been analyzed with respect to either C. pneumoniae or M. pneumoniae or both, using two previously established PCR methods (7, 18) . Selection and reanalysis of the samples were initiated to investigate several cases of possible false positives with respect to C. pneumoniae. Twenty-two samples previously defined as positive for M. pneumoniae and 66 samples previously defined as positive for C. pneumoniae were included, together with 32 samples previously defined as negative for both C. pneumoniae and M. pneumoniae when both PCR methods were used. Nasopharyngeal and throat swab samples from patients with respiratory tract infections were collected in 1997 and 1998 and in 2001 and 2002 at Gävle County Hospital.
The swab samples were transported in 2 ml sucrose phosphate buffer and were stored at Ϫ20°C until use. DNA extraction was performed on the suspension after the swabs were shaken vigorously in the buffer.
An additional 200 consecutive nasopharyngeal and throat swab samples collected in 2003 at Gävle County Hospital and shown to be negative for C. pneumoniae and M. pneumoniae when analyzed using the new real-time PCR were used to evaluate the rate and extent of PCR inhibition.
DNA extraction. The Amplicor respiratory specimen preparation kit (Roche Diagnostics, Basel, Switzerland) was used as described previously (12) , although in the present study, the wash procedure was simplified by adding 200 l wash reagent directly to the 200-l sample, which was mixed before it was centrifuged once, resulting in one rinse less than what is recommended by the manufacturer. Positive and negative controls were included in every extraction run. The extracted DNA was stored at Ϫ20°C until PCR was performed.
Conventional PCR. Two conventional PCR procedures, used as routine methods at the laboratory, were compared with the novel assay. For detection of C. pneumoniae, a nested PCR, targeting the ompA gene, was used essentially as described by Tong and Sillis (34) . The first reaction mixture contained 25 l PCR Master kit (Roche Applied Science, Basel, Switzerland), 200 nM of each primer, and 10 l template, giving a total volume of 50 l. The second reaction mixture contained 25 l PCR Master kit (Roche Applied Science, Basel, Switzerland), 400 nM of each primer, an additional 1.5 mM MgCl 2 , and 10 l of a diluted template originating with the first reaction (1/10 and 1/500), giving a total volume of 50 l. Samples were run in single reactions, and the cycling conditions for the first PCR in the nested method were 10 min at 94°C, a touchdown PCR of 30 s at 94°C, and 30 s of hybridization at 65°C, down to 55°C in steps of 1°C at every cycle and 60 s at 72°C. After the touchdown PCR, an additional 20 cycles were run for 30 s at 94°C, 30 s at 55°C, and 60 s at 72°C, with a final step of 5 min at 72°C. The cycling conditions for the nested PCR were 5 min at 94°C, 30 cycles of 30 s at 94°C, 30 s at 50°C, 60 s at 72°C, and one final step for 5 min at 72°C.
The conventional method for detection of M. pneumoniae, targeting the 16S rRNA, was performed essentially as described by van Kuppeveld et al. (37) . The reaction mixture contained 2.5 l PCR buffer (GE Healthcare Bio-Science AB, Uppsala, Sweden), 2 l deoxynucleoside triphosphate (GE Healthcare BioScience AB, Uppsala, Sweden), 0.1 l Taq polymerase (GE Healthcare BioScience AB, Uppsala, Sweden), an optical density at 260 nm of 0.625 for each primer, and 5 l of template (undiluted and diluted 1/10), giving a total volume of 25 l. The cycling conditions were 40 cycles of 30 s at 94°C, 30 s at 60°C, and 60 s at 72°C.
Amplification of both pathogens was performed using a Perkin-Elmer GeneAmp 9600 thermal cycler (Applied Biosystems, Foster City, CA). The PCR products (8 l) were stained with ethidium bromide and visualized using UV light after gel electrophoresis on a 1.2% agarose gel.
Real-time PCR. The novel real-time PCR methods were designed for a duplex PCR such that both pathogens can be detected and distinguished in one reaction tube using two sets of primers and two differently colored molecular beacon probes. The molecular beacons were designed using BioEdit, version 5.0.1 (http: //www.ctu.edu.vn/ϳdvxe/Bioinformatic/Software/BioEdit.htm), for sequence alignments and the Mfold DNA folding program (39) . Accession numbers for sequences used were AF290002, M18639, AF290001, AF290000, M29372, M31431, and U39698 and AF184214, AF131230, AF131229, AF131889, S50607, M64064, and L04982 for Mycoplasma P1 adhesin genes and Chlamydophila ompA genes, respectively.
A BLAST search was performed to check the specificities of the DNA sequences for primers and probes (http://www.ncbi.nlm.nih.gov/BLAST, version 2.2.17). All oligonucleotides were synthesized by Thermo Electron Corporation (Ulm, Germany) and are shown in Table 2 .
The reaction volume for real-time PCR was 25 l, containing 12.5 l HotstarTaq master mix (Qiagen, Hilden, Germany), 600 nM each of the CPR, MPR, and MPF primers, 200 nM of the CPF primer and each probe, and 5 l of the DNA template. Clinical samples were run as duplicates, and the cycling conditions were 10 min at 95°C, followed by 50 cycles of 30 s at 95°C, 45 s at 55°C, and 20 s at 72°C. Amplification, detection, and data analysis were performed using a Rotor-Gene 2000 real-time rotary analyzer (Corbett Life Science, Sydney, Australia). Samples were regarded as positive if the two reactions or the majority of the reactions after reanalysis exceeded the fixed threshold of 0.01 normalized fluorescence units and showed an amplification curve.
Analytical performance of the real-time PCR. Analytical sensitivity of the real-time PCR was determined by serially diluting quantified C. pneumoniae and M. pneumoniae DNA in a mixture of lysis and neutralization reagents (1:1) belonging to the DNA extraction kit. The concentrations tested were 100, 200, 250, 500, and 1,000 Geq/ml. The results of eight repeats of each concentration were then used to calculate the 95% probability of detection using PROBIT analysis. To evaluate whether coamplification and detection of C. pneumoniae and M. pneumoniae, respectively, would significantly lower the analytical sensitivity, mixtures of the two organisms were used as a template in the same reaction tube. A quantified DNA control for each organism at concentrations of 10 and 10,000 copies, respectively, per reaction was amplified together with 0, 10, and 10,000 copies per reaction of the other organism. The samples were run in triplicate, and the mean cycle-to-threshold values (C T values) and standard deviations were calculated. The rate and extent of PCR inhibition were estimated by spiking the clinical samples defined as negative. One hundred samples were spiked with the same amounts of the C. pneumoniae and M. pneumoniae DNA controls, respectively. A spiked sample found to be negative or with a C T value higher than 2 standard deviations above the mean C T value for all determinations was regarded as inhibitory to the PCR. 
RESULTS
Analytical performance. Specificity was confirmed when no signs of amplification were found when the organisms shown in Table 1 were tested using the real-time PCR. The analytical sensitivity was determined by PROBIT analysis of eight replicates in each concentration. The limits of detection, expressed as 95% probability of detection and 95% confidence limits, were 4.3 Geq/reaction (3.0 to 10.1) and 2.8 Geq/reaction (2.0 to 9.5) for C. pneumoniae and M. pneumoniae, respectively.
Both C. pneumoniae and M. pneumoniae were detected in reactions containing both pathogens. The C T values were not affected significantly when the reaction contained the other pathogen at a 1,000-fold excess compared to results when the detected pathogen was present in the tube alone, as shown in Table 3 .
Diagnostic performance. All of the 100 samples spiked with C. pneumoniae were found to be positive and thus showed no sign of total inhibition. The mean C T value was 34.3 cycles. One of the samples had a C T value higher than 2 standard deviations above the mean C T value (Ͼ36.8 cycles), suggesting that it contained a factor that gives rise to partial inhibition of the PCR. There was no case of total inhibition in the 100 samples spiked with M. pneumoniae, although 4 samples showed signs of a partial inhibitory effect. The mean C T value for M. pneumoniae was 31.3 cycles, and samples were regarded as containing inhibitory factors if they exceeded 35 cycles. When the samples were diluted 20-fold, the inhibitory effect was no longer detectable.
Of the 120 clinical specimens, 13 samples were positive for C. pneumoniae and 22 samples were positive for M. pneumoniae when both the real-time duplex PCR and the conventional PCR were used. Retesting was performed with 10 out of 120 samples (6 M. pneumoniae samples and 5 C. pneumoniae samples) when only 1 positive reaction was found in the initial testing. After retesting, one of these samples was subsequently found to be positive using majority rule as described above (one positive for M. pneumoniae). Furthermore, one sample was positive for C. pneumoniae when the nested conventional PCR was used, and two additional samples were positive for M. pneumoniae when the real-time PCR was used. All three discrepant samples were sent for analysis using a third set of methods in an outside laboratory (Department of Clinical Microbiology, Capio Diagnostik AB, Kärnsjukhuset, Skövde, Sweden) (15, 20) . Only one of the two samples positive for M. pneumoniae was confirmed. The sensitivity and specificity, when using the conventional PCR as a reference, were 93% and 100%, respectively, for C. pneumoniae. For M. pneumoniae, the sensitivity was 100% and the specificity was 98%. When the results from the discrepant samples were included, after analysis by the third set of methods, the sensitivity and specificity were 93% and 100%, respectively, for C. pneumoniae. For M. pneumoniae, the sensitivity was 100% and the specificity was 99%.
DISCUSSION
In the present study, we describe a newly constructed duplex real-time PCR that has the advantage of detecting C. pneumoniae and M. pneumoniae from a clinical sample using a single reaction tube. Using differently colored molecular beacon probes, the duplex detection is performed with high sensitivity and specificity. Both pathogens were detected with high sensitivity, and no cross-reaction with other tested species was observed.
The use of molecular-beacon probes enables specific detection, owing to the thermodynamics of the binding mechanisms. Such probes are also useful in multiplex reactions, since they show a low background signal. In a search for pathogens that give rise to similar clinical features, the multiplex approach is advantageous because it saves time, reagents, and use of equipment (21) . The drawback of multiplex PCR assays is the phenomenon of competition between simultaneous amplification reactions of nucleic acid templates from several different pathogens in the same tube. This could affect detection of a dual infection, especially if one of the pathogens is found in a larger quantity than the other (21) . Coinfection of C. pneumoniae and M. pneumoniae is rare, but it has been described (22, 38) . From the 120 clinical samples tested in the present study, none tested positive for both C. pneumoniae and M. pneumoniae when real-time PCR or conventional PCR was used. Based on the current rates of positive samples seen at our laboratories, coinfection can be expected in 1 of 1,800 samples. Although the influence on analytical performance in dual detection of both pathogens was investigated, no significant effect on C T values was revealed when pathogens were present in a 1,000-fold excess compared to C T values achieved when only 1 of the pathogens was present. The multiple target amplification did not reduce the analytical sensitivity of the real-time PCR method, which is consistent with the results of Welti et al. (38) . Another drawback of multiplex PCR is that its analytical sensitivity could be lower than that of monoplex PCR, owing to the complexity of optimizing the multiple variables to achieve optimal conditions for all included PCRs (33) . The analytical sensitivity achieved for both pathogens using this duplex realtime PCR method was comparable to the high sensitivity described for other real-time PCR methods (20, 25, 32, 38) .
In the present study, the Amplicor preparation kit was used as the DNA extraction method because it has previously been shown to be appropriate for this type of material and pathogens (12; data not shown). The choice of DNA extraction can influence PCR sensitivity and rates of inhibition, which can easily be monitored using real-time PCR. None of the 200 swab samples spiked with a small amount of C. pneumoniae or M. pneumoniae was inhibited for detection, although 2.5% of the samples showed partial inhibition. A comparison between this duplex real-time PCR and two previously described conventional PCR methods (34, 37) showed an overall agreement of 98.8% when 120 clinical swab samples were tested. Of these 120 samples, 13 were positive for C. pneumoniae when both methods were used and 1 additional sample was positive when the conventional nested touchdown PCR was used, suggesting that the nested PCR is more sensitive than is the real-time PCR. The same target gene, ompA, is used in both methods, and nested PCR is generally recognized to have high sensitivity (8) . However, it is important to consider that nested PCR entails a high risk of carryover contaminations, which cannot be completely eliminated even when appropriate precautions are taken.
Different target genes were used in the real-time PCR assay and the conventional assay for M. pneumoniae: the P1 adhesion gene and the 16S rRNA gene, respectively. A total of 22 samples were positive for M. pneumoniae with both assays, and an additional 2 samples were positive when the real-time PCR was used but negative when conventional PCR was used, suggesting that the real-time PCR could be a more sensitive method. However, it was possible to reproduce only one of these discrepant results using a separate set of methods in an independent laboratory (15, 20) .
In conclusion, this new duplex real-time PCR can specifically detect and distinguish C. pneumoniae and M. pneumoniae in clinical samples with high sensitivity. Molecular-beacon probes are successfully used in this duplex setting to detect both pathogens in the same sample. This is of great clinical value, since the symptoms of C. pneumoniae and M. pneumoniae are often difficult to distinguish.
